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Nucleosynthesis in primordial stellar environments may lead to a substantial production of *°B iso-
topes, which either are converted by the '°B(p, a)”Be reaction to “Be or processed further by B+«
reactions towards the CNO range. This paper focuses on low energy studies of the °B(c, p)**C and
9B (a, d)'2C reactions to determine the low energy cross section and the reaction rates in stellar en-
vironments using R-matrix analysis techniques. The new experimental results cover a broad energy
range, from 0.21 MeV up to 1.4 MeV in the center of mass frame, extending down to the Gamow
energy range for the first time. A substantial increase in the reaction rate compared to previous
predictions is found, due to the identification of near threshold a-cluster resonance structures.

I. INTRODUCTION

Carbon Enhanced Metal Poor (CEMP) stars are one
of the oldest classes of stellar objects in our universe.
The observed abundance distributions of these stars re-
flect a history of complex nucleosynthesis patterns that
are based on reaction sequences fueled by the primordial
composition of the first generation of stars [I, 2]. The
critical step for nucleosynthesis is bridging the mass in-
stability gap at A = 5 and A = 8, which inhibits the
reaction flow towards heavier elements in the Big Bang
nucleosynthesis environment [3, 4]. The oldest observed
stars indeed indicate a pronounced enhancement in car-
bon and oxygen abundances, suggesting a considerable
mass flow from the primordial hydrogen, deuterium, he-
lium, and lithium abundances towards the carbon, nitro-
gen, and oxygen (CNO) mass range [5] [6].

Based on these observations, it was suggested that the
first generation of stars typically had masses of 100’s
or 1000’s of My, because higher mass stars would have
ended as pair-production supernovae instead of core-
collapse supernovae, leaving no massive remnant such as
a neutron star or black hole but converting large frac-
tions of the primordial abundances into iron [7, [8]. De-
tailed nucleosynthesis simulations for the H- and He-rich
burning layers in primordial stars have been recently per-
formed that will impact the abundance distribution of the
ejecta of a pre-supernova event [9]. The JINA Reaclib
data base (Cyburt et al. [I0]) has been used for these
simulations, however some of the critical rates of reac-
tions coupling the He-Li abundances to the CNO range
were rather out-dated and based on insufficient theory or
experimental data [I1].

Besides the triple-a-process, additional reaction links
need to be considered [I2]. Of particular interest is the
reaction path 2H(a, v)%Li(a, v)1°B(c, d)'2C in these pri-
mordial stellar environments. It represents a reaction
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cycle, since a fraction of the reaction products are be-
ing recycled back into the initial deuterium seed mate-
rial, maintaining a larger deuterium supply than initially
anticipated [12]. This reaction chain could run at lower
temperatures than the 3a-process, unless proton-induced
reactions such as °Li(p, a)>He or 1°B(p, a)"Be divert ma-
terial back towards lighter masses [13]. For a reliable sim-
ulation, the rates of all of the associated reactions need to
be well known to determine the strength of the mass flow
through this reaction link. The required level of accuracy
depends on the level of uncertainty in the observational
data and the quality of the model used to predict the
impact of the reaction rate. In this case, we strive for an
accuracy of ~20% based on the quality of the experimen-
tal data and the R-matrix analysis. This is expected to
improve substantially over previous estimates of the re-
action rate by Wagoner [I1], which was based on generic
assumptions of the associated nature and strength of the
nuclear reaction component which at best limits the un-
certainty to an order of magnitude range. Not consid-
ered earlier in this reaction chain is the strong resonance
structures in the cross section, which appear very close
to the thresholds of the reaction chain processes [T4HI7].
Such broad resonances have also been observed in recent
studies of the 1B(a, n)'N branch as a possible neutron
source in primordial stars [I8, [[9]. These strong reso-
nant structures near the threshold are currently believed
to represent a-cluster states in the respective compound
nuclei °Li, '°B, and '¥N, such as those postulated by
Ikeda [20] 21]. It has been proposed that such cluster
features are a consequence of the collective coupling of
shell-model states via the decay channel that leads to
the formation of the cluster state [22, 23]. An investi-
gation of the impact of these cluster resonances on the
reaction chain is necessary to accurately determine the
possible primordial abundance enrichment of CNO ele-
ments in the first and second generations of stars. In
this work we will concentrate on the study of a-induced
reactions on '°B feeding different isotopes in the CNO
range.

The importance of the 1°B(a, d)!2C reaction is two-
fold. It produces additional deuterium fuel by reprocess-
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ing some of the primordial deuterium abundance through
the 2H(a,~)%Li(a,7)1°B(a, d)12C reaction chain while
producing CNO elements. Limitations on the production
of deuterium from this reaction, such as leakage or de-
struction of 1B by proton or neutron induced processes,
limit the creation of CNO elements in these early environ-
ments. The abundance of B seed material in primor-
dial environments is very low and present upper limits for
10B are around 10~ '6 number fraction of metals with re-
spect to hydrogen [24]. This abundance is determined by
the feeding of 9B via a-capture on °Li and by depletion
via the proton-induced 1°B(p, a)"Be reaction [25]. The
latter feeds the material back into the primordial mass
range, while the a-particle induced reaction processes,
namely, 1°B(a, p)**C and °B(a,n)'*N [18] 26/-28], also
provide different links to CNO elements. Additionally,
the neutron channel provides an early neutron source to
fuel a weak s-process, which could contribute material to
“CEMP-s” stars [11 2 29H32].

Additionally, uncertainties in the 1°B(a, p)?C reaction
rate are also critical for modeling the vp-process [28, B3].
It has been demonstrated in Wanajo et al. [33] and Zhang
et al. [28], that errors in the °B(a,p)'2C reaction rate
between 1.5-5 GK have a significant impact on the sim-
ulated abundances of p-nuclei in the A = 70 - 110 mass
range (see Fig. 14 in Wanajo et al. [33]). While there are
several studies that extend into the higher energy ranges
(see Zhang et al. [28] and references there in), the data
at low energies are very limited.

For the above astrophysical environments, the energy
range of interest extends from ~170 keV up to the MeV
range. There is only a single previous low-energy study of
0B+ reactions by Shire et al. [26] (1953), who measured
down to a center of mass energy of 0.7 MeV. Though this
prior study yielded important structure information, it
was energy resolution limited. Further, the poor presen-
tation of the data and lack of experimental data tables
make these measurements of limit use for reanalysis. This
is sufficient reason to re-investigate these reactions by
itself, but subsequent indirect measurements published
after the work of Shire et al. [26] have indicated that
there are several other lower energy levels [34], as shown
in Fig. These levels could correspond to strong reso-
nances in the B+ reactions if they have an a-cluster
nature, and would thereby strongly effect the low energy
reaction rate over the temperature range of interest.

Alpha transfer reactions can be used to probe this ex-
citation energy range to search for states with strong a-
particle spectroscopic factors, but these measurements
are quite limited. In the °B(°Li,d)!*N study of Clark
and Kemper [35], a clear observation for a state was ob-
served near E, = 11.8 MeV in “N. As the a-separation
energy lies above, but fairly close in energy (=400 keV)
to the deuteron separation energy, 2C+d studies could
also be useful in identifying states strongly populated
by deuterons. Several 2C(d,p)'3C studies [36-38] con-
firmed the presence of a grouping of resonances that cor-
respond to states in N near this E, = 11.8 MeV ex-

citation energy. The combination of these data strongly
suggest that there is a state near £, = 11.8 MeV in 4N
with a level width (T") that is composed of non-zero T,
I'4, and T', partial widths.

In this paper we report on a very low energy exper-
imental study of the °B(a,p)3C and °B(a, d)'2C re-
actions. The goal of the present study is to search for
a-cluster resonances close to the a-particle threshold, im-
proving on the previous measurements of Shire et al. [20]
and complementing the recent study by Liu et al. [I8§],
where the 1°B(a, py)13C* and 1°B(a, n)'3N reactions [18]
were investigated. Further, it is important to have data
that constrain all of the different exit channels for the
0B+« reactions in order to provide improved constraints
for the R-matrix fits, which are used to extrapolate the
cross sections to even lower energies.

Sec. [[T] will describe the experimental set-up for the
measurements, followed in Secs. [[T]| and [[V] by the anal-
ysis of the data and its interpretation in the framework
of multi-channel R-matrix theory, respectively. Sec. [V]
describes the calculation of the reaction rates while some
conclusions, in terms of the impact on the reaction path
in first star environments, will be drawn in Sec. [VI]

II. EXPERIMENTAL METHODS

Using the Stable ion Accelerator for Nuclear Astro-
physics (Sta. ANA) at the University of Notre Dame, a-
particle beams ranging in energy from E,,_.,, = 186 keV -
1.43 MeV were produced with intensities ranging from 0.5
to 120 pA on target. Enriched '°B targets with thick-
nesses, ranging in thickness from ~4-40 ug/cm?, were
produced by evaporation onto 0.5 mm thick tantalum
backings, which also served as a beam-stop. To prevent
beam-stop failure, this backing was water-cooled, which
also prevented targets from deteriorating quickly by ther-
mal effects such as the diffusion of target material into the
backing. Enrichment in '°B was quoted to be >99.8%,
though some contaminant yields from the 'B(a,p)!*C
reaction were observed in the region from E, .., = 440 -
460 keV, owing to the strong, narrow, resonance in that
reaction at Eq_cy, = 444.4(4) keV [39)].

Typically, targets survived between 1-2 C of charge
deposition from the helium beam before being gradually
degraded by 10-30%. Once a target had degraded by
about 25%, it was replaced with a fresh target of similar
thickness. Additionally, before a target was removed or
whenever a new target was put in place, a resonance scan
was performed. Depending on the thickness of the target,
one of the resonances at either E,_., = 0.807, 1.08,
or 1.2 MeV, in the °B(a,d) reaction, were chosen for
normalization. The resonance scans provided a target
thickness or a normalization from one target to another,
allowing for consistency across a wide range of energies
and target thicknesses.

The target chamber was machined out of a solid block
of aluminum with view ports for two silicon surface bar-
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FIG. 1. Level scheme of the **N compound nucleus as taken from
(Sn = 10553.4 keV), deuteron separation (Sq = 10272.4 keV),

[34]. The a-separation (S, = 11612 keV), neutron separation
and proton separation (S, = 7551 keV) energies are shown

in red. The energy range of the previous study is shown alongside the current energy range explored in the present study.
Many broad resonance features are present close to the a-separation threshold, which could greatly enhance the low energy

cross-section and thus the reaction rate.

rier detectors (SSBD) located at 90° and 135°. See Fig.
for a technical drawing of the target chamber. The tar-
get material was mounted on a brass target holder with
a steel circular bracing. This target holder was oriented
with the water cooling lines leaving transverse to the sur-
face of the chamber. The holder was mounted on the
front 45° angled face of the target chamber. Background
measurements of this chamber, before and after the ex-
periment, indicated no presence of a-emitting radioactive
nuclei above natural background.

Charged  particles from  the 1°B(a,po)'3C,
OB (a,p)3C*,  and '°B(a,d)!2C reactions were
detected using two 100 mm? silicon surface barrier
detectors (SSBDs), Model #Bu-013-100-100 [40], placed
6.2 cm from the target at 90° and 135°. Typical intrinsic
detection resolution for the protons was better than
20 keV. A removable collimator was placed before each
SSBD to reduce the detection rates at high energies.
A 1 mm thick aluminum collimator with a 1 cm wide
circular aperture was used. One or more =7 pm thick
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FIG. 2. Cross section of the target chamber. The solid alu-
minum target chamber has two detector ports located at 90°
and 135°. The target is placed at 45° with respect to the
beam direction.

aluminum degrader foils were placed in front of the
detectors to block the backscattered a-beam particles.
Varying numbers of these foils were employed through-
out the experimental energy range in order to optimize
resolution for maximal particle peak separation. The
detection resolution was dominated by the effects of the
aluminium foil, which varied substantially with outgoing
particle energy, but was typically a few 10’s of keV.

For thin targets (4-12 ug/cm?) typically one degrader
foil was used in front of the SSBD. Example spectra for
the charged particle detectors positioned at 6),;, = 90°
and 135° are shown for F,_., = 1.2 MeV in Figs. and
[ respectively. In these thin target runs, proton yields
from the 1°B(a, p;)'3C reaction (p;) and °B(a,d)'?C
(d) reactions were not acquired due to the nearly com-
plete overlap of their respective charged particle peaks.
Because of this, additional degrader foils were necessary
in order to separate these peaks.

For thick targets (40 ug/cm?®) two degrader foils were
used. Example spectra showing separated p; and d chan-
nels are presented in Figs. [l and [6] corresponding to the
Ey_em = 1.2 MeV and E,_ ¢, = 0.807 MeV resonances,
respectively. In these runs with two degrader foils, the
p1 and d channels are clearly separable, allowing for ex-
perimental yields to be acquired. Some X-ray damage
to the SSBD is apparent at lower energies resulting from
the prior experiments with the thin targets.

III. DATA ANALYSIS

Raw yields for the °B(a, p)'3C and °B(a, d)!2C re-
actions were determined by integrating the regions of
interest surrounding the peak and subtracting a time-
weighted cosmic ray and detector noise background in
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FIG. 3. Sample spectrum for the 6,5, = 90° SSBD

at Fa—ecm = 1.2 MeV. The various peaks correspond to
charged particles from the °B+a reactions. The peaks are
more poorly resolved in this detector compared to that at
61ap = 135°, due to the reaction kinematics. In particular, the
peaks corresponding to the °B(a,p1)'*C* and '°B(«,d)'*C
reactions cannot be easily resolved, thus no '°B(a,d)'?C
yields were acquired from this detector. '°B(a,pz/ps)'3C*
yields were acquired until they fell below the detector thresh-
old at Fo—em ~ 640 keV.
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FIG. 4. Sample spectrum from the 6, = 135° SSBD

at Fa—em = 1.2 MeV. The charged particles from the
10B(a, d)*?>C and '°B(a, p1)*®C* reactions are more clearly
separable in the this detector than in the 6., = 90° detec-
tor. This separation was sufficient for yield separation using
a Gaussian fitting algorithm.

the region of interest. In order to acquire the yield for
each channel at low energy, centroids and peak widths
were acquired for all energies where they were available.
Using this information, a trend of the energy for each
particle could be determined, even when statistics were
low. Whenever two particle channel peaks’ left-right
bounds came within 10 channels, a Gaussian fit was ap-
plied to each with an exponential detector background as
described below.
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FIG. 5. Sample spectrum from the 61, = 135° SSBD

at Fa—em = 1.2 MeV. The charged particles from the
9B(a, d)*?C and '°B(a, p1)'C* reactions are more clearly
separable, as is accrued damage from X-rays.
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FIG. 6. Sample spectrum of the 6,, = 135° SSBD at

Eo_cm = 0.807 MeV for thick target runs.

During the thick target experiments, background mea-
surements were made both before the start of the exper-
iment and after the conclusion. Both background runs
were 2.5 days long and showed very little variation in
the background rates. This indicated that no signifi-
cant radioactive contamination was produced in the tar-
get chamber nor on the detector surface. This also indi-
cated that no appreciable damage to the detectors was
sustained throughout the experiment.

Additionally, the background runs showed that there
were very few counts in the region of interest correspond-
ing to the °B(a, pg)'3C reaction (Q = 4.06 MeV). How-
ever, this was not the case very near the threshold of
the detector, where the other particle peaks from both
the 1°B(a, p1/p2/p3)2C* and 1°B(a, d)'?C reactions oc-
curred. A background count rate of ~400 cts/day was
recorded in this region, which had a shape that was well
described by a exponential function that decreased at in-
creasing detection energies. This background rate caused

particular difficulty in extracting yields for these reac-
tions at very low bombarding energies.

Despite these complications, yields for the
UB(a,d)!?C  reaction were obtained down to
Ey_omn = 260 keV. Additional measurements were
made down to Ey_.n = 186 keV, but accurate yields
for this reaction could not be determined due to the
high uncertainties resulting from large numbers of
background events. Upper limits for these runs can be
found in Ref. [I7].

Using the Monte-Carlo N-Particle (MCNP) code [41],
a geometry of the target chamber with the SSBD was
created. The efficiency for each SSBD was determined
for protons and deuterons. Each simulation was run for
108 particles to obtain negligible uncertainty from the
statistics of the simulation. Variances on the measured
geometries were simulated and a maximum uncertainty
of 1.7% in the efficiency was observed. The overall un-
certainty in the cross sections also includes that of charge
collection (3%) and target thickness (10%), giving a total
systematic uncertainty of 11% for the present measure-
ments.

For a-beam energies between E,_., = 0.93 and
1.36 MeV, in the laboratory frame, thin targets (n =
8x 1016 atoms/cm?) were utilized, as several strong, nar-
row, resonances were observed in this region. In particu-
lar, the 1.2 MeV resonance (E, = 12.81), with I ~ 4 keV,
was of interest due to the high degree of uncertainty in
its width [26]. In the E, = 1.2-1.36 MeV energy region,
several resonances were expected to be present, corre-
sponding to several levels in the '*N compound nucleus
reported in this region [34]. However, only two broad
states were located, one at F, = 12.924 MeV and another
at £, = 12.926 MeV, corresponding to Fy_¢m, = 1.312
and 1.314 MeV, respectively. The significantly broader
of these two states, located at E, = 12.926 MeV, was
the dominant resonance at F, = 1.839 MeV seen in the
OB (a, p1 /p2)'3C* reactions. Whereas the level located
at B, = 12.924 MeV was found to have considerable
strength in the 19B(a,po/p3)3C* and 1°B(a,d)'?C reac-
tions at Fy_cm = 1.312 MeV. Though, the broad under-
lying resonance corresponding to Ey_cp = 1.314 MeV
also contributed some strength in the °B(a,pg/p3)2C*
and '°B(a,d)!2C reactions. A clear distinction in the
widths of these resonances can be seen in the R-matrix
fits presented later in Sec. in the °B(a,p)'3C* and
10B(a,ps)13C* data.

The excitation function for the °B(a,p3)!3C* re-
action showed some evidence for a broad underlying
state that provides an increase to the yield in between
Eqy_em = 0.93 and 1.36 MeV. This broad structure ap-
pears to peak somewhere near E,_., = 1.18 MeV, cor-
responding to E, = 12.78 MeV in the compound nucleus.
This feature is further discussed in Sec. [Vl

Below F,_.n = 0.8 MeV, all states have been re-
ported to have a width of ' > 40 keV [34]. Tar-
gets with thicknesses varying between n ~ 6x10'7 and
n ~ 3x10'® atoms/cm? were used to scan this energy



range between F,_., = 0.64 and 1.0 MeV, these thick-
nesses correspond to energy losses of AE = 20 - 100 keV
at Fo_cm = 0.714 MeV. The known levels in the region,
located at E, = 12.40, 12.42, and 12.489 MeV, have total
widths larger than the beam energy loss through these
thick targets. Detailed energy scans in this region re-
vealed that only the E, = 12.42 and 12.489 MeV levels
contributed resonances at F,_.,, = 800.8 and 873.7 keV
to the charged particle cross sections.

The thickest targets, n ~ 3 x10'® atoms/cm?, cor-
responding to an energy loss of AE ~ 100 keV, were
used to scan the entire region of interest: F,_., = 0.21-
1.42 MeV. These thick target measurements consisted of
high statistics runs measured every ~3.5 keV through-
out the Fo_¢m = 0.786 - 1.42 MeV energy region. The
thickness of these targets allowed for the measurement
of the high energy tail from a near-threshold resonance
at very low energies observed in the °B(a,pg)*C and
0B (a,d)!2C reactions. The corresponding level lies be-
low E, = 11.85 MeV in the N compound system. It ap-
pears likely that this resonance contribution corresponds
to the E, = 11.807 MeV state in *N observed in 12C+d
and 'B(°Li, d)'*N reaction studies [34H37].

IV. R-MATRIX ANALYSIS

Using the R-Matrix data analysis framework,
AZURE2 [42 [43], fits were performed for the “B+a
reactions reported here. In addition to the data acquired
in this study, the '“B(a,n)*N and !°B(a,py)3C
data of Liu et al. [I8] were included as well as the
OB(a,a)!"B elastic scattering data of McIntyre et al.
[44] and 1°B(a,p)'3C data of Chen et al. [45]. With these
data sets, a significantly more comprehensive R-matrix
analysis of the '*N compound system near the a-particle
separation energy was achieved, providing experimental
constraint over all open exit channels. The fit included
15 levels and the full set of six open particle channels
(1°B+a, 2C+d, 3C+p1as3, and 13N+n). Numerical
issues can be encountered for calculations where a
level’s total width is small, less than order eV, but this
was not the case for any of the levels in the present
calculation. A summary of the different normalization
factors for each data set are given in Table [ Due to
the relatively thick targets used for some portions of the
experimental measurements (see Sec. , energy loss
and averaging effects were included using the AZURE2
code’s experimental convolution routines as summarized
in Table [l The alternative Brune parameterization is
used [46] to obtain the observable level energies and
partial widths. A comparison with the previous results
from Shire et al. [26] are given in Table Finally, the
full list of level parameters from the R-matrix fit are
given in Table [[V] of the appendix.

Through the simultaneous fit performed for all of the
a-induced reactions on '°B, an improved analysis of
the R-matrix level parameters of this energy region was

TABLE I. Summary of the normalization factors obtained for
data from previous works. The paper by Chen et al. [45] pro-
vided data at only 90°, which required a larger normalization
factor, possibly due to angular distribution effects. The rather
small normalization factors obtained for the '°B(a, py)**C
data of Liu et al. [I8] are discussed in the text.

Data set Ref. Unc. (%) Norm.
B(a, n)*N @ 0° Liu et al. [I8] 12 1
B(a,p1y)¥C @ 130°  Liu et al. [18] 8 0.54
OB(a,p2y)'3C @ 130°  Liu et al. [I8] 8 0.33
OB(a, p3y)®C @ 130°  Liu et al. [I8] 8 0.36
YB(a,po)*C @ 90°  Chen et al. [45) 2.6 1.5

B(a, )'°B @ 170.5° Mclntyre et al. [44] 7 1

TABLE II. AZURE2 experimental effects parameters, which in-
clude the number of integration steps per point (Int. Points)
and the target density (p) (see Refs. [17] and [43]).

Segments Int. Points p (atoms/cm?)
Thickest Targets 50 3.0(3)x10"®
Thin Targets 20 8.0(8)x 10
Thick Targets 20 6.3(6)x10""

achieved. This represents a substantial improvement over
the Breit-Wigner analysis of Shire et al. [26] and the R-
matrix analysis of Liu et al. [18], where fewer channels
over a narrower energy range were considered due to the
lack of experimental data. The fit to the 1°B(«,d)!2C
data, two separate angles for the 1°B(a, po)'3C data, and
the °B(a,p;)'2C data are shown in Figs.
and The data were acquired with the thick targets
(n ~ 3x1018) described in Sec. [[Iland use the experimen-
tal effect parameters given in the first row of Table [[I]
In the region between E,_.,, = 0.786-1.42 MeV, energy
steps of <3.5 keV were taken in order to accurately con-
strain the high energy region of these cross-sections. The
S-factor for the 1°B(a, d)!?C and 1°B(a, po) '3 C reactions
are presented in Fig. [19| and respectively, and clearly
indicate a strong enhancement at low energies.

The °B(a,p2)3C and °B(a,p3)'®C reactions are
shown in Figs.[[7]and [I8] These data were acquired with
a combination of targets, depending on the yield require-
ments at a given energy. The targets used were the thin
and thick targets (~8x10'¢ and ~6.3x10'7) described in
the experimental effect calculation shown in the last two
rows of Table

Comparing the present work to that performed re-
cently by Liu et al. [I8], it appears that the ps widths
present in Table V of that work are larger than those
found here (see Table [VII)). This difference is likely the
result of the limited data available at that time for the
deuteron channel as well as a possible issue with the ab-
solute normalization of the data. The lack of constraint
for all channels could allowed for multiple solutions in



TABLE III. Comparison of the widths for the E, = 12.69 and 12.78 MeV states in '*N between the present measurements and
those of Shire et al. [26] and Liu et al. [18]. All widths are given in keV. Note that the level parameters for the E, = 12.78 MeV
state were not presented in Liu et al. [18] because of significant peak shape distortion from energy loss effects. Uncertainties
stem from the statistical and common systematic uncertainty of the experimental data. An additional 5% uncertainty, not
included in the values below, is estimated for the simulation of the experimental resolution.

HUN* State (MeV) Study T. T, T T2 Ts Tu  Trowar [26]
12.6881 Shire et al. [26] 1.7 4.3 0.62 0.17 0.70 5.6 0.93 14(4)
Present Study 2.166(74) 4.50(22) 1.296(44) 0.495(20) 0.553(14) 3.71(14) 2.602(94) 15.32(77)
Liu et al. [I8] 5.9 1.9 0.28 0.27 1.9 7.2 0.43 18
12.7844 Shire et al. [26] 1.0 0.59 0.18 0.085 0.44 9.6 2.0 14(4)
Present Study 1.764(74) 0.257(21) 0.2138(87) 0.0603(29) 0.0148(28) 6.285(45) 3.037(29) 11.63(58)

the R-matrix fit, demonstrated by the very similar fits
shown in Fig. 10 in Liu et al. [I8] compared to those
of this work. Additionally, this can also be seen in the
charged particle channels from Mclntyre et al. [44] and
Chen et al. [45], which are shown subsequently in Fig.
and Fig.[7] respectively. These data were also used in the
Liu et al. [18] study, with very similar fits being acquired
here for a larger range of data points. It should also be
noted that there is an error in Table V of Liu et al. [I§]
where the p; and p, widths for the E, = 12.4858 MeV
state need to be shifted one column to the right.

The present R-matrix analysis also includes the data
from the study by Liu et al. [I8], first presented in Fig.[9]
This data required no normalization or energy shift in
order to be fit simultaneously. However, the same was
not true for the 19B(a, p;v)'?C data. Though a similar
quality fit was obtained here for these data, large normal-
ization factors were required. It was found that normal-
izations of the 1°B(a,p;) data were 0.54, 0.33, and 0.36,
respectively for p1, p2, and ps3 reactions. The reason for
this normalization discrepancy is presently unknown, but
could be an indication of incorrect spin assignments for
some of the levels in the R-matrix fit or could be from an
error or poor approximation in the conversion of the sec-
ondary ~-ray production cross sections to reaction cross
sections in Liu et al. [I§]. The fits for these data between
Ey_cm = 0.6 and 1 MeV are shown in Fig. and

In the work performed by Shire et al. [26], it was
stated that the resonance widths were determined pri-
marily from the observed widths of the resonances after
being corrected by the center-of-mass factor and target
thickness corrections. A comparison of the resonance
widths derived by Shire et al. [26] and obtained in the
present R-matrix fit are given in the last column of Ta-
ble [[TT} Differences between the present work and that of
Shire et al. [26] are attributed to the poorer resolution of
that work.

Beyond the errors discovered in the I',3 and I'y widths,
additional differences are seen among the other °B(a,x)
reactions. There are several widths that differ by nearly
a factor of two. However, this level of discrepancy is still
with in the large uncertainty estimated by Shire et al.
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FIG. 7. The R-matrix fit of the '°B(a,po)**C data of Chen
et al. [45] (6iab = 90°). A shift of -7 keV was required to fit
this data.

[26].

Small energy differences in the excited states are ob-
served in the present study when compared to the eval-
uated data for N [34]. The energy of the resonances
observed in the previous measurements of Shire et al. [20]
and Liu et al. [I8] are compared to the present study and
the current ENSDF literature [34] as shown in Table
The previously reported spins and parities of these states
were found to be in good agreement with the R-matrix fit,
with the key exceptions of those at F, = 11.807, 12.922,
and 13.255 MeV. These discrepancies are discussed below
and are summarized in Table [Vl

Most of the resonance energies presented in Table
are consistent with those of Shire et al. [20], Liu et al.
[18], and the compilation [34] within their quoted un-
certainties, however the E, = 12.413(1) MeV state is
an exception. As previously mentioned, this state corre-
sponds to a very strong and broad resonance, where ac-
curate determinations of the centroid are obfuscated by
nearby resonances and the interference patterns through-
out the spectrum. Specifically, the E, = 12.489(1) MeV
resonance observed in the present study has appreciable



TABLE IV. R-Matrix Particle Pair Parameters.

Light Particle Heavy Particle

Excitation Energy (MeV)

Separation Energy (MeV) Channel Radius (fm)

a 108 0
n 13N 0
p 130y 0
p 3¢ 3.08944
p B¢ 3.68451
p e 3.85381
2H 12C 0

11.6122
10.5534
7.551
7.551
7.551
7.551
10.2723

ot Ot Ot Ot Ut Ot Gt

10 T T

[ = Mclntyre Data
r — R-Matrix Fit

Differential Cross Section (b/sr)
=)

1072 \ \ \ ! !
0.6 0.8 1 1.2 1.4 1.6
C.M. Energy (MeV)

FIG. 8. The R-matrix fit to the '°B(q, a)'°B data of McIntyre
et al. [44] (61 = 170.5°). No adjustments were required for
this data.

TABLE V. Spin-Parity (J™) Assignment Differences

B, MeV)| Jf.  Ref. Reaction | rrent
11.807 |27, (1%) [B6,187 *2C(d,p) & *2C(d,d)| 3+
12.922 4t [26] 9B(a,x) 2”
13.255 2” &7 9B (a,p/n) 3t

strength in several charged particle channels reflected in
an interference pattern between these two broad reso-
nances. These factors could help explain the =5 keV
deviation from previous works, where Breit-Wigner anal-
yses did not include energy shifts due to interferences.
The E, = 11.807 MeV state [34] is assumed to be
responsible for the near-threshold S-factor enhancement
observed in the present data. As shown in Table [V] the
tentative J™ assignment of 27, (17) is from (d,p) and
(d,d) on 12C [36] 137]. However the R-matrix fit to the
present data favors a spin assignment of 37 due to the ob-
served angular dependence in the pg channel. This could
indicate that a different level is also present near this en-
ergy. However, the literature indicates that none of the
currently known levels in this region (E, < 12 MeV)
have such a J™ assignment [34]. This energy region
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FIG. 9. The R-matrix fit to the '°B(a,n)"®N data of Liu
et al. [18] (b1a = 0°). No adjustments were required for this
data.

(11.2 MeV < E, < 12.2 MeV) has a particularly com-
plicated resonance structure, see, for example, Fig. 4 of
Kashy et al. [37], Fig. 3 of Kashy et al. [48], and Fig. 6 of
Tryti et al. [36]. The disagreements in spin-parity assign-
ments in this excitation energy region could be caused by
complicated interference patterns of unaccounted for res-
onances.

As shown in Table [V] the E, < 12.922 MeV state has
a spin and parity assignment of J™ = 4% from angular
distribution measurements by Shire et al. [26], though
the data is not shown there. However, in the current R-
matrix fit, a better fit across all channels is found with
an assignment of J™ = 27. This discrepancy may also
be due to the presence of interference patterns between
this resonance and several other broad resonances, such
as those corresponding to the N levels at E, ~ 13.25,
12.93, and 12.78 MeV.

The final state that appears to be in disagree-
ment with spin-parities found in literature is that at
E, = 13.255 MeV with J™ = 2~ [I5]. However, it ap-
pears that the fit to the °B(a,a)!B scattering data of
McIntyre et al. [44] is better fit with a J™ = 3T spin
and parity assignment. This spin assignment is in ac-
cord with that provided in Mo and Weller [49]. How-



TABLE VI. Compound Nucleus Excited State Energy Comparison. Excitation and laboratory energies are given in MeV.

EszNDC [34J Ez—Shire [26J Esziu l18] E17Cur7‘ent EoefNNDC' [34J Ea—Shir& l26J EafLiu l]-SJ EOL*C’U,T’I‘E’INS
12.418(3) 12.419(7) 12.421(1) 12.413(1) 1.128(4) 1.13(1) 1.132(2) 1.1209(20)
12.495(9) 12.498(7) 12.498(1) 12.489(1) 1.236(13) 1.24(1) 1.240(2) 1.2273(20)
12.594(3) 12.605(7) 12.600(1) 12.596(1) 1.374(4) 1.39(1) 1.383(2) 1.3771(20)
12.690(5) 12.691(7) 12.689(1) 12.688(1) 1.509(7) 1.51(1) 1.507(2) 1.5058(20)
12.789(5) 12.784(7) 12.789(5) 12.785(1) 1.647(7) 1.64(1) 1.647(7) 1.6416(20)
12.813(4) 12.812(7) 12.813(4) 12.817(1) 1.681(6) 1.68(1) 1.681(6) 1.6864(20)
12.922(5) 12.920(7) 12.922(5) 12.925(1) 1.833(7) 1.83(1) 14833(7) 1.8376(20)
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FIG. 10. The R-matrix fit to the °B(a,p17)'*C data of Liu
et al. [18] (6, = 130°). A normalization of 0.54 was required
to fit this data.

ever, two broad resonances are reported in this region in
the literature, one at F, = 13.192 MeV and another at
E, = 13.243 MeV with spin assignments of J™ = 3% and
JT = 27, respectively. These spin assignments appear
to come from the scattering study of Mo and Weller [49)
and a later one by Wilson [47], respectively. However,
n [47), the E, ~ 13.25 MeV state was given a range
of (27, 27, 37) but strongly suggested 2~ due to par-
ity considerations. It could be the case that one or both
of these states are assigned an incorrect J™, especially
since Wilson [47] considered these resonances together in
their analysis of parity considerations. They may have
been misled by surrounding resonant contributions, or it
could also be the case that the energy for one or both of
these levels is incorrect.

V. REACTION RATES

Reaction rates for the a-induced charged-particle re-
actions were calculated by numerical integration of the
R-matrix cross sections using AZURE2. The calculations
were limited to the temperature range T = 0.01-2 GK.
Higher temperatures, 2-10 GK, were excluded since sig-

C.M. Enefgy MeV)

FIG. 11. The R-matrix fit to the °B(a,p27v)'*C data of Liu
et al. [18] (6, = 130°). A normalization of 0.33 was required
to fit this data.

nificant contributions from higher energy resonances are
present that are not considered in the analysis of this
work. AZURE2 calculates the reaction rate by adaptive
step size integration of the integral [43],

8\ Na - —E/kpT
(1)

where N4 is Avogadro’s number, kg is the Boltzmann
constant, T is the temperature, and p is the reduced
mass.

No previous experimentally based calculations of the
rate of the °B(a, d)12C reaction exist in the literature,
however, phenomenological estimates have been made for
the B(a,p)'3C reaction (Table 9B in Wagoner [11]),
where the basis for this rate relies on a simple barrier
penetration model with a constant S-factor approxima-
tion as described in Wagoner et al. [50] and Wagoner [T1].
This reaction rate has been adopted in the current JINA
Reaclib database [10].

While the rate by Wagoner [11] assumes a single exit
channel and does not take into account any possible reso-
nance contributions, the present rate for the °B(a, p)!3C
reaction is based on multiple broad resonances decaying
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FIG. 15. As Fig.[14] but at 6., = 135°.
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FIG. 16. R-matrix fit to the differential data at G, = 135°
from the °B(a, p1)'*C reaction between Eo—cm = 0.57 and
1.42 MeV from the present work.
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FIG. 17. R-matrix ﬁt to the differential data at 1., = 90°
from the 10B(a,p2)15C reaction between Eo_¢ym = 0.64 and
1.42 MeV.
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FIG. 19. Differential S-factor of the '°B(c, d)'*C reaction
between Eo_cm = 0.21 and 1.42 MeV. Because the present
measurement was able to reach very low energies, the exis-
tence of a near threshold resonance(s) was discovered. This
strong enhancement of the S-factor at low energies increases
the reaction rate significantly and allows for more deuterium
nuclei to be regenerated in low metallicity stars.

into several exit channels. The rate is the sum of each
OB(a, p;)'3C channel contribution. As expected, large
deviations are observed between the two °B(a,p)!3C
reaction rates over much of the temperature range. A
ratio of the reaction rate calculated in the present study
to that presented in Wagoner [I1] is given in Fig.

Figure 21| shows that the 1°B(a,p)'?C reaction rate
found here is enhanced over that of Wagoner [11] from
T = 0.05 to 0.25 GK by the presence of the low-energy
near-threshold state the F, = 11.807 MeV. This makes
the reaction rate at ~0.1 GK nearly an order of mag-
nitude larger than the constant S-factor estimate. This
enhancement is also reflected in the °B(a,d)!?C rate
compared to the proton rate from Wagoner [I1].

The strength for each of the exit branches in the '°B+a
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FIG. 20. Differential S-factor of the '°B(a,po)'*C reaction
at Gap = 90° between Eq_cpm = 0.21 and 1.42 MeV. Similar
to the °B(a, d)'2C reaction, strong enhancement at low en-
ergies is observed. This enhancement may lead to significant
impacts on the nucleosynthesis of heavier nuclei, as demon-
strated recently by Zhang et al. [28] and Wanajo et al. [33].

fusion rate into the different final state configurations is
shown in Fig. The °B(a,d)!2C branch dominates
throughout most of the temperature range between 0.01-
1 GK, with the °B(a, po)'3C transition playing a more
modest role. At higher temperatures, the sum of the
proton channels starts to play a more dominant role in
feeding the CNO range. The neutron channel plays a neg-
ligible role over the entire low temperature range, but at
temperatures around 1 GK an appreciable 10% branch is
anticipated based on the measurements of Van Der Zwan
and Geiger [27]. This reaction branch can thus likely be
neglected as a potential neutron source in first star burn-
ing environments, although it also shows an enhanced
S-factor at low energies that is not yet well character-
ized.

The uncertainties in the reaction rates were calculated
by taking into account the overall systematic uncertainty
of the cross sections measured here (11%) and the un-
certainty in the strength of the near threshold state at
E, = 11.807 MeV (=30%, depending on the transition),
which dominates the extrapolated cross section. As the
level structure below the energy range of the experimen-
tal data still remains quite uncertain, additional variation
is expected if other levels are found to be present there.
Thus, the reaction rate uncertainties are dominated by
systematic components, especially below ~0.4 GK, where
the resonances corresponding to the FE, = 11.807 MeV
dominates the reaction rate for all of the reaction chan-
nels. These uncertainties are reflected in Figs. and
22
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VI. CONCLUSION

New measurements for the !°B(a,d)?C and
OB(a,p)'3C reactions are presented, which include
the indication of a very strong near-threshold res-
onance(s), which may correspond to the similar
enhancement observed in the °B(a, n)'¥N study of Liu
et al. [18]. Excitation functions for all open charged
particle reactions are presented at the lowest energies
observed to date, between E,_., = 0.21 - 1.42 MeV
or Eo_cp = 0.64 - 1.42 MeV. Some discrepancies with
the prior comprehensive measurements of Shire et al.
[26] exist, though they may be explainable given the
previous measurement’s poorer experimental resolution
and the more approximate model used for their cross
section fits.

A strong enhancement over the previous estimate by
Wagoner [I1] of the °B(«,d)?C and B(a, p)'3C reac-
tion rates has been observed around 7" = 0.1 GK due to
the presence of one or more near-threshold resonances.
The energies of these resonances remain unknown, but
from the R-matrix fits performed here, and prior litera-
ture [35H38], it appears as though these resonances likely
corresponds to those reported near E, ~ 11.8 MeV. This
suggests that one or more of the states seen in the pre-
vious studies of Refs. [35-38] are at play in the 1B + «
reactions, all of which could lead to increased CNO el-
ement production. The implications due to larger rates
for these reactions have been shown to greatly impact
primordial stellar burning [I3]. Finally, as discussed in
Wanajo et al. [33] and Zhang et al. [28], the enhance-
ment of the °B(a,p)'3C reaction can significantly im-
pact abundances of intermediate mass nuclei ( 70 < A <
110).
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TABLE VII. AZURE2 fit parameters [46] for the °B+a re-
action. Every £ (relative orbital angular momentum) and s
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TABLE VIII. R-matrix level parameters continued.

(channel spin) combination not shown has I'; = 0 and was Eq (MeV) J” Channel ¢ 5 Iz (eV)
not included in the fit. Uncertainties stem from the statistical 117807 3t a 0 3 6.3(6)x10°
and common systematic uncertainties of the data. An addi- Do 3 0 8320(200)
tional 5% l}ncerta.inty is recommel?ded for the partial Widths m 9 1 ~2440(86)
from the simulation of the experimental energy resolution.
An additional 2 keV uncertainty is common for the energies, b2 1 2 485(20)
corresponding to the uncertainty in the energy calibration of d 2 1 20660(870)
the accelerator. The signs on the partial correspond to the in- 11.998(E| 3t o 0 3 0.00155(15)
itgr{;zerg_eﬂz%}{li ;)fc ;lilfuﬁ)iirs;?ondmg reduced width amplitude n 3 0 -94000(10000)
12.5953(2) 3% o 0 3 -169.7(37)
E, MeV) J" Channel (¢ s ', (eV) n 3 0 -68.8(83)
122400  1° o 3 3 -0.70(5) Do 3 0 -152(40)
Do 0 1 60000(5000) D1 2 1 -22836(220)
p1 1 0 105000(63000) D2 1 2 -1115(25)
D3 1 2 15000(3000) D3 0o 3 -2860(110)
d 1 1  439000(81000) d 2 1 -11070(370)
12.4858(3) 1t o 2 3 25.36(44) 13.255EE| 3t 0 3 42200(4200)
n 1 1 606(92) n 3 0 274(27)
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